Micromorphology of the seed envelope of Ephedra (Gnetales) is known to be variable, but variation patterns have never been systematically documented. We test the usefulness of this feature for species determination and subclade delimitation in Ephedra and investigate the relationship of this character to infrageneric evolutionary patterns. Most species have a basically smooth seed envelope, which in some species appears slightly striate or reticulate due to convex or depressed outer periclinal cell walls. Ephedra rhytidosperma from China and Ephedra torreyana from North America have transverse lamellae formed by the epidermis. A papillate surface is found in respective close relatives of these two species. Micromorphology of the seed envelope is generally not useful for species identification or subclade delineation. The amount of variation is low, and intraspecific variation, which in some cases seems to be correlated with hybridization and/or introgression, complicates species recognition. Furthermore, parallel evolution of similar micromorphological patterns in unrelated subclades of Ephedra is evident and cannot be explained by similar seed dispersal mechanisms. The Asian species with transverse lamellae or papillae on the seed are dispersed by frugivores whereas similar American species are anemochoric. Transverse ridges occur in several Early Cretaceous fossil seeds with affinity to Ephedra. However, our results indicate that the resemblance between these fossils and extant taxa with similar features is superficial and convergent. In line with other recent studies, we find that Cretaceous ephedroids are extinct stem relatives to the extant clade.
Introduction
Ephedra L. (Gnetales) comprises ;50 species inhabiting dry, often sandy or rocky, subtropical to temperate areas of the Northern Hemisphere and South America (Kubitzki 1990 ). They are shrubs or herbs, similar in gross morphology, with opposite or whorled phyllotaxis. Ephedra species are usually dioecious, and ovulate cones have fleshy or dry bracts. The ovules are surrounded by an outer structure unique to Gnetales, the seed envelope. The apical part of the integument forms a micropylar tube that extends beyond the seed envelope and serves as the pollen-receiving area. Both morphological variation and molecular sequence divergence have been of limited value in understanding evolution in Ephedra, and phylogenetic relationships in the clade have long remained elusive. However, recent studies using additional molecular data Rydin and Korall 2009) provide a robust framework for investigations of character evolution.
Several recent discoveries document a surprisingly rich diversity of ephedran species in the Early Cretaceous. Well-preserved reproductive shoots bearing ovulate (and probably also pollen) cones are recorded, for example, from the Yixian Formation of western Liaoning, China (Guo and Wu 2000; Sun et al. 2001; Yang et al. 2005; Rydin et al. 2006b ), the Manlaj locality in Mongolia (Krassilov 1982) , and the Crato Formation, Brazil (Mohr et al. 2004 ). Furthermore, well-preserved coalified seeds are described from Buarcos, Portugal, and the Patuxent Formation of Virginia (Rydin et al. 2004; Rydin et al. 2006a) .
Ephedra archaeorhytidosperma (Yang et al. 2005 ) is a compression fossil collected from the Jianshangou Bed in the lower part of the Yixian Formation and is of Early Cretaceous age (Aptian; see summary in Zhou 2006) . The fossils from the Yixian Formation are of particular value in showing interconnections between vegetative and reproductive parts. However, they generally lack anatomical preservation, and it is often difficult to assess their phylogenetic position in detail. Features diagnostic for extant Ephedra (i.e., Ephedra-type pollen and papillae on the seed envelope; see also Rydin et al. 2006a) , are typically not preserved, but the general habit of E. archaeorhytidosperma clearly indicates that it is an ephedroid plant.
One distinctive feature of this fossil is the presence of numerous small transverse ridges on the surface of the seed envelope (Yang et al. 2005) . A similar seed surface pattern is also found in the extant Chinese species Ephedra rhytidosperma Int. J. Plant Sci. 172(1):36-48. 2011 . Ó 2011 by The University of Chicago. All rights reserved. 1058-5893/2011/17201-0002$15.00 DOI: 10.1086/657299 (Yang et al. 2005; Yang 2007) , which is endemic to the Helan Mountains between Nei Mongol and Ningxia in China (Fu et al. 1999) . Yang et al. (2005) suggested an affinity between E. rhytidosperma and E. archaeorhytidosperma for several reasons, among them the transverse laminar ridges. However, variation patterns in seed surface micromorphology have not been documented for extant species of Ephedra, and the distribution of this feature is thus unknown.
Here we document variation in micromorphological patterns of the seed envelope of extant Ephedra. We test the taxonomic usefulness of seed envelope patterns for species determination and subclade delineation in Ephedra and investigate evolutionary patterns of this feature. We also assess the phylogenetic position of the Early Cretaceous fossil E. archaeorhytidosperma.
Material and Methods
We investigated 117 specimens representing 48 living taxa from both the Old World and the New World (table 1) . In general, two to five (or more) accessions of each species were examined, but for 13 species, only one specimen of each was available to us (table 1) . Material at the pollination stage of development and mature seeds were studied. Ovulate cones were fixed in 70% ethanol or in FAA and dehydrated under vacuum in an ethanol series (70%, 80%, 96%, 100%). Herbarium material was softened using bis(2-ethylhexyl) sulphosuccinate sodium salt (following Erbar 1995) for 7-10 d at room temperature and then placed in 70% ethanol and dehydrated under vacuum as described above.
For SEM studies, specimens were postfixed in 2% osmium tetroxide (Fluka), dehydrated in an ethanol series (70%, 80%, 90%, 100%) and acetone, critical-point dried, mounted on stubs, and sputter-coated with gold. Seeds were examined with an SEM, either an Amray 1000A (Arizona State University), an ISI-SR-50 (University of Alaska Fairbanks), or a Hitachi S-4000 (University of Zurich).
For serial sections, specimens were embedded in Kulzer's Technovit 7100 (2-hydroethyl methacrylate), following the procedures outlined by Igersheim and Cichocki (1996) and sectioned on a Microm HM 355 rotary microtome with a conventional knife D. The sections were 6-7 mm thick and were stained with ruthenium red and toluidine blue for 2 þ 2 minutes and mounted in Histomount. Mature, highly sclerified seeds were embedded in Bio-Plastic resin (Ward's Natural Science, Rochester, NY) and sectioned on a lapidary saw. The sections were mounted on slides, ground down to a minimal thickness, and photographed using reflective and transmitted light microscopy (Benedict et al. 2008) . Permanent slides are deposited at the Department of Systematic Botany, Stockholm University (SUNIV), and the ASU Fossil Plant Collections, Arizona State University.
Results

General Morphology
The shape of Ephedra seeds varies between species and sometimes also within species (table 1). In longitudinal section, they may be lanceolate ( fig. 1A ; e.g., E. torreyana), elliptic ( fig. 1B ; E. foeminea), ovate ( fig. 1C ; E. equisetina), or oblong ( fig. 1D ; E. transitoria). In transverse section, they are rounded or angled and the angles are sometimes prominent (e.g., in E. rhytidosperma). In one-seeded ovulate cones, the adaxial side of the seed is convex at midlength of the ovule/ seed (e.g., E. equisetina, E. californica); in two-seeded cones, it is generally flat (e.g., E. sinica, E. pedunculata); and in three-seeded cones it has a median longitudinal ridge (e.g., E. multiflora, E. przewalskii). Two abaxial, lateral furrows may be present in some species (e.g., E. sinica, E. pachyclada, E. triandra). Mature seeds are typically larger than those at the pollination stage of development, and their seed envelopes have longer epidermal cells, but no other differences in shape or surface patterns are observed (table 1).
SEM Observations of the Seed Envelope
Epidermal cells are rectangular and arranged parallel to the longitudinal axis of the ovule or seed. The cells are usually ;20-30 mm wide. Cell length is variable within and between species (table 1), ranging in mature seeds from 50 to 500 mm at midlength of the seed. Cells are shorter in the apical region of the seed and in the seed envelope of ovules at the pollination stage of development.
Most species have a basically smooth seed envelope surface (figs. 1B, 1D, 3A). Epidermal cell boundaries are usually clearly visible, and periclinal walls are flat ( fig. 1E ), depressed ( fig. 1F ), or convex ( fig. 1G ). Sometimes (e.g., in E. pachyclada), cell boundaries are less obvious. Features are usually distinct but may be variable within species or even within a single seed (table 1) . For example, some but not all specimens of E. aspera and E. fasciculata consistently have an indistinctly coarse surface pattern, which obscures cell boundaries (not shown). Variation is also observed in the shape of the end walls of cells; they are either straight or oblique and variously raised above the general epidermal cell surface ( fig.  1E-1G ). The shape of end walls of cells is usually highly variable within a single seed (e.g., fig. 1G ).
In two unrelated species, E. rhytidosperma from East Asia ( fig. 2C, 2G, 2K ) and E. torreyana from North America (figs. 2B, 2F, 2J, 3C, 4), periclinal walls of adjacent epidermal cells grow outward and are united to form transverse lamellae on both the adaxial and the abaxial sides of the seed envelope. The outgrowths are typically 100-500 mm wide in both species and are formed by a few cells to up to 20 adjacent cells in E. torreyana and up to 40 cells in E. rhytidosperma. The lamellae are formed by the cells of the epidermis; the mesophyll is not involved in forming the lamellar outgrowths ( fig. 3C ). In two specimens of E. torreyana, the lamellae are ''papillate,'' that is, less prominent and formed by one to several adjacent papillae ( fig. 1J ). Ephedra multiflora has transverse ridges ( fig.  1I ) of the same width as those of E. torreyana and E. rhytidosperma, but the ridges are less prominently lamellar, which gives an overall wavy pattern rather than a lamellar one. In addition, weak tendencies to form tiny transverse ridges on at least parts of the seed envelope were observed in several unrelated species, for example, in one specimen of E. trifurca and in E. pachyclada and E. alata.
A few species in two unrelated clades have a prominently papillate seed surface (figs. 1H, 2I, 2L, 4). The papillae are . . . The internal transcribed spacer of the nuclear ribosomal DNA (ITS) is available for some of the vouchers and has been included in phylogenetic analyses in published studies (IckertBond and Wojciechowski 2004; Rydin et al. 2004 Rydin et al. , 2010 Rydin and Korall 2009) . n.a.
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Material in pollination stage of development. 3B ). There are generally ;2-8 papillae per cell and each papilla is 2-10 mm across. As with the transverse lamellae, the cells of the mesophyll are never involved in forming the papillae. A papillate seed surface is present in the Old World species E. equisetina and E. major ( fig. 2D, 2H, 2L ) and in the New World species E. funerea ( fig. 2A, 2E, 2I ). Investigated specimens of E. major and E. funerea consistently have a papillate seed envelope, but in E. equisetina there is substantial intraspecific variation (table 1) specimens of E. equisetina lack papillae altogether and have smooth seed envelopes (not shown). Seeds of E. equisetina from Mount Helan, China, have transverse lamellae similar to those in E. rhytidosperma and E. torreyana but with papillae on the lamellae (fig. 1K ).
The specimens of E. pachyclada and E. lomatolepis and one specimen of E. major (table 1) have wartlike projections on the surface (fig. 1L) . In E. pachyclada and E. major, they are present only in the apical region of the seed envelope. In E. lomatolepis, they are rare but may occur over the entire seed surface. Each projection is ;10-40 mm across. Some overarch cell boundaries, and some appear to have collapsed.
In several unrelated species (e.g., E. alata, E. californica, E. equisetina, E. major ssp. major, E. intermedia, and E. pachyclada), we observed stomata in the apical region of the seed envelope. They have the same shape and structure as those of cone bracts and leaves; that is, there are no obvious subsidiary cells, and the guard cells are sunken to the level of the base of the epidermal cell layer.
Discussion
Comparative Structural Evaluation and Systematic Implications
Generally, phyllotaxy determines the number of ovules/seeds per cone (Takaso 1985; Rydin et al. 2010) , but a reduction in ovule number has taken place in one-seeded cones in some decussate-leaved (e.g., Ephedra antisyphilitica, E. equisetina) and trimerous-leaved taxa (e.g., E. trifurca). The shape of the ovule/seed in transverse section at its midlength is largely determined by pressure from other organs, that is, the number of ovules/seeds in the cone, whereas transverse shape in the apical region of the ovule/seed is determined by the number of vascular bundles in the seed envelope (Rydin et al. 2010) .
The majority of Ephedra species have smooth seed envelopes with minor variation in the micromorphological patterns, detectable only under SEM. The outer periclinal cell wall of the epidermis can be convex or depressed, which results in striate or reticulate patterns of the seed envelope. Taxa of the Mediterranean species complex ( fig. 4 ) are often striate, whereas many Asian species have flat periclinal walls, but variation is extensive within species.
Transverse lamellae on the surface of the seed envelope, visible with the naked eye, are present in two distantly related species: E. rhytidosperma from China and E. torreyana from North America. In both species, the lamellae are between 100 and 500 mm wide (variable in width within a single seed) and are formed by the outer epidermis. As seen in transverse sections of the seed envelopes of E. torreyana ( fig. 3C ) and of E. rhytidosperma (Yang 2002) , the lamellae are formed by extensions of the outer tangential cell wall of one to several adjacent epidermal cells. The inner tangential cell wall of these cells is in line with that of the other epidermal cells, and the mesophyll is not involved in the formation of the lamellae (fig .  3C ; Yang 2002; Rydin et al. 2010) . A similar pattern, but one that is less prominently lamellar, is observed in E. multiflora from South America, and weak ridges are seen in parts of seeds of several other species (table 1) .
From our survey it is evident that a similar lamellate micromorphological pattern has evolved independently in several clades in Ephedra (fig. 4) . It does not appear to have evolved in response to a common dispersal syndrome or other ecological factors. Ephedra rhytidosperma has fleshy cone bracts at seed maturity, and seeds are probably dispersed by birds or lizards. In contrast, E. torreyana has dry winged bracts at seed maturity, and seeds are dispersed by the wind (Hollander et al. 2010) . We do not find any other shared ecological trait that could explain this parallelism.
A papillate surface of the seed envelope has arisen (at least) twice in the Asian clade (E. equisetina, E. major) and once in the North American clade (E. funerea; fig. 4 ). Like the species with transversely lamellar seeds, there is no ecological correlation between species with papillate seeds. Ephedra equisetina and E. major have fleshy cone bracts, whereas E. funerea has dry winged bracts. Interestingly, however, there is some support for an evolutionary link between papillae and transverse 
